Introduction
Replacement of traditional oil and natural gas based transport fuels with alternatives that are both technically and economically viable and environmentally, socially and politically sustainable is a significant global issue. As transport energy demand rises, especially in developing countries, and as oil and gas reserves become increasingly difficult to find and exploit, energy companies and nations will be driven to convert unconventional energy resources, like tar sands, shale oil, agricultural crops and silviculture forests, into replacement fuels. Increased motivation to address the transports' fuel challenge is derived from the need to lower environmentally harmful emissions, such as carbon and the like emissions, and to reduce air pollution in many of the world's major cities. However converting unconventional energy resources into transport fuels, even after considerable research effort, remains a technical challenge and struggles to economically compete with oilderived liquid fuels.
Careful energy sector planning using engineering analysis tools, such as CEPA (Carbon Emissions Pinch Analysis) [1] and EROI (Energy Return on Investment) analysis [2] , is therefore needed to ensure that the inevitable transition to a low fossil fuel transport energy sector occurs in a way that minimises the increase in cost and energy expended from the economy to meet the desired demand within the nation's carbon emissions targets. EROI is essentially the ratio of the amount of useful energy produced for society to the amount of energy that has to be expended to obtain the useful energy in the first place. Effective production of energy with high EROI values is crucial to economic growth, industrial manufacturing, employment and the general economic well-being of citizens [3] . CEPA, on the other hand, quantifies the environmental impact in terms of emissions of using energy. CEPA is a graphical method for showing how much carbon emissions are contributed from each part of an energy sector (e.g. electricity, transport) and exploring possible pathways for modifying the energy system to meet fixed emissions targets.
NZ (New Zealand) is well endowed with natural energy resources. Renewable resources such as hydro (58%), geothermal (13%), wind (4%) and biomass (<1%) accounted for 77% of electricity generation in 2011 [2] . Coal, natural gas and biomass are used for process heat and the remaining power generation demand. Imported crude oil accounts for 33.8% of NZ's primary energy needs and 99.8% of NZ's transport fuel needs [4] . NZ has a current population of 4.4 million that is anticipated to reach 5.8 million about 2050 [5] . There is strong political will within NZ for continued growth in the renewable generation sector as a strategy for reducing NZ greenhouse gas (GHG) emissions. Numerous studies have been commissioned by the NZ government into alternate transport fuel options for NZ in the biofuels areas [6] .
There are also many other studies that are specific to other countries that are in a similar energy and resource position as NZ that may be considered when exploring solutions for NZ. For example, Mathiesen et al. [7] conclude that Denmark should use their abundant renewable electricity generation potential to directly power as much of the future transport fleet as possible.
Other transport operations such as aeroplanes and ships that cannot be electrified are anticipated to use liquid fuels from biomass. As a result, they are exploring ways to increase the carbon yield of liquid fuels from biomass through the direct or indirect integration of renewable electricity in the conversion process. These ideas may have merit for countries that have the natural resources to produce large quantities of renewable electricity at reasonably high EROI ratios. Maintaining high EROI levels for transport energy will help minimise the economic and environmental effects of transitioning from fossil fuels to other energy alternatives.
The aim of this paper is to apply a modified CEPA method to explore how NZ can meet its future transport demand in 2050 while reducing the associated carbon emissions to 1990 levels. Various methods for reducing emissions are investigated including production of biofuels, electrification of the transport fleet using renewable resources, and increases in combustion engine efficiency through hybrid systems. For example, we are attempting to define such items as how much biofuels NZ needs to produce, not how much biofuels NZ can produce. There will continue to be technical and economic challenges facing the quantum of biofuels NZ requires by 2050 to help achieve 1990 levels of emissions. As a result, this paper extends the CEPA for analysis of transport sectors where the transport demand can be divided into distinct classes. CEPA has been chiefly applied to electricity sectors in NZ [8] and Ireland [9] and extended to include carbon capture and storage (CCS) [10] .
A modified Carbon Emissions Pinch Analysis framework for transport sectors
CEPA was first developed by Tan, Foo, and co-workers [1] , and is based on the application of traditional Pinch Analysis techniques beyond Total Site Analysis for large industrial sites to broader macro-scale applications such as regional and national electricity generation sectors [9] . Sectorial and regional studies have been conducted for power systems emissions constraint planning [11] with CCS [10] including retrofitting [12] and for multi-period scenarios [13] and variable CO 2 sources and CO 2 sinks [14] . In the New Zealand context, CEPA has been applied to the national electricity sector [8] to show how increased electricity demand in 2050 can be met and the generation mix optimised for minimum energy cost [2] . However, the method has not been applied to the transport sector as far as the authors are aware and some degree of modification to the standard method is required to extend CEPA to analysis of a transport system.
In this work the CEPA method is modified for extended application to transport sectors. An underlying tool of CEPA is the construction of composite curves together with identification of the pinch, which is often caused by an emissions target that is lower than the current emissions level. The y-axis of the composite curve graph is carbon emissions equivalent in kt CO 2 -e and the x-axis is the useful transport output in Mt-km, where the tonnes represent people or freight depending on the purpose of the transport operation. The demand curve represents the transport's primary purposes (e.g. freight or passenger), mode (e.g. marine, air, rail) and class (e.g. buses, ships, trains, light passenger vehicles, etc.). The supply curve captures the fuels sources (e.g. petrol, diesel, electricity, compressed natural gas, etc.) used in the various transport operations, which are stacked beginning with the fuel with the lowest transport fuel emissions factor (3 TF ) and so on to the one with the highest. The transport fuel emissions factor can be determined by
where 3 F is fuel emissions factor in kt CO 2 -e/MJ, f w is the ratio of useful transport weight to gross vehicle weight in Mt/Mt gross and h T is the gross transport output efficiency in (Mt gross -km)/MJ. 3 F is dependent on the fuel and is not affected by the transport method.
f w is a function of the transport method and its fill-rate. h T mainly relates to the engine efficiency and its aero-and/or hydrodynamics.
A generic example of a transport system is presented in Fig. 1 to demonstrate how the CEPA method may be modified for transport systems. Fig. 1A is the conventional CEPA style plot that presents the overall fuel supply and transport demand with an associated emissions of 1000 kt CO 2 -e. The solid black line is the average 3 TF for the entire system and called the overall Transport Emissions Factor (TEF). The new emissions target represents a 20% reduction goal of transport emissions. The point where the dotted diagonal line, which is based on the emissions target, intersects the fuel supply curve is the pinch point.
When considering how to achieve the emissions target, the overall CEPA graph lacks sufficient detail about transport modes and classes to base decisions of where emissions reduction efforts are best focused. The overall transport demand can be brokendown into the individual transport classes with as shown in Fig. 1B . Combinations of transport classes and fuels that contribute a high proportion of the total emissions can now be identified and emissions reductions methods considered. Two options for emissions reduction are presented in Fig. 1C and D. The first option targets improving transport fuel efficiency of class B with fuel C. An example of this option is increasing public transport fill-rates by encouraging their use through measures such as increasing Government subsidies or, in the long-term, market driven increases in petrol prices. The second option switches some of fuel C for A within class B. An example of this can be electrification of the rail network, where electricity is generated using a high proportion of renewables (e.g. hydro). There are many other situational options for reducing emissions such as switching transport classes, which also can be considered.
It is also useful to plot the transport data on an emission versus fuel use in PJ to understand the impact various emissions reduction options have on total fuel use.
Transport efficiencies and fuel emissions factors
There are a wide variety of transport modes (e.g. marine, air, road, and rail) and many classes of vehicles or vessels within these modes. For example, within the road transport mode there are light trucks, heavy trucks, and light commercial vehicles. Within these classes, there are further subclasses of specific vehicle or vessel makes and models made to common specification and/or performance.
At the vehicle class level, transport fuel use, emissions and useful transport output can be calculated with a reasonable degree of accuracy using the numerous data available from government agencies. This study uses transport data published by the NZ Ministry of Transport [15] and the Ministry of Business, Innovation and Employment [5] and literature values of average transport fuel efficiencies in passenger-km/L and t-km/L [16] , which are compared in Fig. 2A for passenger transport and Fig. 2B for freight transport. A log scale has been used to enable presentation of a wide range of transport modes on a single graph. Public transport methods like ferry, bus and rail potentially have good efficiencies provided passenger fill rates are high. Fill-rates for NZ's public transport are low likely due to the comparatively low population density of NZ cities. Freight transport exhibits similar trends ( Fig. 2B ) with ship and rail being the most efficient methods, followed by heavy and light truck, and air. LCV (Light Commercial Vehicles) is less energy efficient transport mode but most convenient.
Transport class emission factors used in this study were calculated based on data from NZ's Ministry of Business, Innovation and Employment energy data set [5] and are presented in Table 1 . Useful transport output for passengers has been calculated by assuming passengers have an average mass of 75 kg.
New Zealand transport sector fuel and emissions growth projections
The NZ transport sector has experienced significant growth in fuel demand from 1974 to 2008 as illustrated in Fig. 3 . Petrol and diesel fuels dominate the growth in fuel use, followed by aviation fuels. Fuel oil declined in the 1980s and again increased in the 1990s. Responses to global recessions, oil price hikes and/or periods of economic restructuring are also evident in the fuel use data. As global oil prices rose in the late 1970s, economies like NZ were forced to spend more on foreign imported oil, which affected their balance of trade, which in turn forced other changes on the economy. The economic restructuring that took place in NZ in the 1980s was in many ways precipitated by the oil crisis of 1979.
The large increase in diesel fuel use and to a lesser extent petrol fuel use, as is seen in Fig. 3 , is related to the large increase in LPVs (light passenger vehicle) and LCVs (light commercial vehicle) that occurred during the 1990s and beyond when import regulations were relaxed in the early 1990s, along with road freight transport rules. Light vehicle numbers soared, especially diesel powered vehicles, and imported second-hand vans and trucks increased the overall freight transport supply at the expense of any growth in rail (Fig. 4A) .
The contribution of each transport mode to fuel use and emissions from 1990 to 2012 is illustrated in Fig. 4 . As discussed previously, road transport has dominated the growth in both fuel use and emissions. International air and international marine have also risen most likely as a result of global tourism increases. Domestic air, domestic marine and rail, have experienced only small increases. Significantly, about half of the international transport emissions are not formally included in NZ's emissions for this study. Only trips that fuel and begin in NZ, e.g. departing international flight, are counted.
Since 2005 annual growth has slowed with negative growth in 2009 after the start of the global recession in 2008. Growth rates are expected to return to traditional levels from 2013 due to a rising population with continued reliance on fossil fuels for transport (Fig. 5) . The current population of 4.4 million is rising because of positive net migration and a higher than replacement birth rate of 2.1 [17] . It is projected by Statistics NZ, the country's population is most likely to peak between 6 and 7 million after 2050. The increase in population will put pressure on energy, land and water resources.
For this study we have taken a conservative 'business-as-usual' approach and assumed passenger and freight transport demand will increase proportional with population through to 2050. This gives 2050 targets for CEPA of 107 G(passenger)-km for passenger transport demand and 126 Gt-km for freight transport demand, which equates to approximately 326 PJ of fuel use. Beyond population, transport demand is also closely tied to national and global economic states and the oil price, both of which have seen dramatic fluctuations over the past decade. Between the 1990 and 2005 transport demand per capita in terms of both freight and passenger transport increased by 29% and 25% respectively. From 2005 to 2012 the global financial crisis hit reducing freight and passenger transport demands per capita by 13% and 5% respectively. The future projections of transport demand have therefore a significant degree of uncertainty because of the several forces that come into play that influence total transport demand.
Results and discussion for New Zealand transport case study

Carbon Emissions Pinch Analysis for the New Zealand transport sector in 2012
Using the CEPA composite curve method the freight and passenger transport demands in NZ for the year 2012 are illustrated in Fig. 6 . The fuel supply composite curve has not been included in Fig. 6 because it cannot clearly be distinguished from the demand curve, which is due to all current transport fuels being derived from crude oil with very similar EFs (Emissions Factor) within each vehicle class. Fig. 6 shows passenger transport contributes 12% of the useful transport output but is responsible for 71% of transport emissions. The total freight transport demand and emissions for NZ in 2012 were 95.9 Mt-km and 5.0 Mt CO 2 -e respectively (TEF ¼ 0.052 Mt CO 2 -e/Mt-km). The total passenger transport demand and emissions for NZ were 13.1 Gt-km and 12.4 Mt CO 2 -e respectively (TEF ¼ 0.944 Mt CO 2 -e/Mt-km). In both cases the amount powered from renewable fuels was negligible.
EFs vary depending on the freight or passenger load factor, engine technology and tare weight differences rather than fuel differences. Marine transport is clearly very efficient at transporting both freight and people with marine vessels having the lowest emission factors in both demand classes. Freight rail is equally a low emissions transport method and road freight methods are the highest. It is important to note that although road freight methods have the highest emissions factors, they have additional cost benefits of being flexible giving point-to-point delivery with minimal handling stages.
With passenger transport, LPV (Light Passenger Vehicles) stands out as generating 65% of passenger transport emissions, while delivering only 28% of the useful transport output. High EFs for rail and bus are principally caused by low participation rates as a result of high LPV use, and as a result the useful transport output from these classes is relatively small. Air transport, including domestic and international travel, contributes 27% of passenger transport emissions and provides 25% of the useful transport output. 
Approaches to reducing CO 2 -e emissions in transport energy sectors
Renewable liquid fuel production
Globally liquid fuels for transport vehicles are nearly exclusive refined from crude oil. This refining process and the eventually fuel combustion emits a substantial amount of emissions. Producing drop-in liquid biofuels from sustainably grown biomass resources can begin to replace oil based fuels in the future when oil reserves are sufficiently low and the price of oil high enough for the economics of biofuel production to be economic. In 2009 Jack and Hall [18] reported a detailed analysis of the potential biofuel production in NZ showing where and how much new afforestation may occur. Their results indicate that with the use of an additional 1.8 million hectares of low productivity land, currently returning less than NZ$200/(ha y) mainly for sheep and beef farming, to produce woody biomass at a similar return rate, NZ could produce up to 232 PJ or 7.0 billion litres of petrol equivalent biofuel and could be economically competitive with conventional liquid fuels at an oil price of around US$200 per barrel. Most biofuel conversion technologies are currently in the pre-commercialisation stage and, therefore, the efficiency of biofuel production and its cost competitiveness and rate of return for land use is likely to improve in the future.
Improved vehicle transport fuel efficiency
In the last decade the fuel efficiency of LPVs, LCVs and buses has been significantly improved by hybrid engine technology. HVs (hybrid vehicles) intelligently use a battery and electric motor in conjunction with a combustion engine to achieve high fuel efficiency. Based on data from the NZ Ministry of Transport [15] , an estimate of 40% reduction in fuel use can be obtained when switching from a normal combustion engine vehicle to a hybrid vehicle for the same total distance travelled under normal use. With rising fuel prices, it is anticipated that at least half of the LPVs, LCVs and Buses will contain some form of hybrid engine by 2050.
Increased integration of electricity in transport vehicles
Integration of electricity into the transport sector has traditionally focused on the electrification of rail. New Zealand has some opportunities to convert fossil fuel driven rail to electric rail and for purposes of this study it is assumed that by 2050 conversion has taken place. Beyond electrification of rail, there is growing popularity around the future adoption of EV (electric vehicles). Some organisations [19] and politicians [20] have campaigned on the misleading notion that EVs have zero emissions. In this section it is shown the actual emissions from an EV over its life are dependent on the weight of the car and battery, and the overall GEF (Grid 
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Emissions Factor) for electricity production in a given country. Where it means that additional coal will be burned to supply electricity to an EV, the overall emissions will be greater than the typical petrol engine car.
It is important when considering alternate LPVs that the lifecycle GHG emissions are included, especially for EVs where increased emissions occur with the manufacture and replacement of the batteries. As the range of the vehicle in electric mode increases the mass of the battery must become greater. There is a large variation in the reported GHG emissions of battery manufacture from 6 kg CO 2 -e/kg bat [21] to 22 kg CO 2 -e/kg bat [22] . The variation is due in part to the different assumptions and system boundaries used in the LCA (Life Cycle Analysis) studies. A value of 15 kg CO 2 -e/kg bat has been used in this study. The GHG emissions associated with the production of the car is assumed to be 5 kg CO 2 -e/kg bat and is within the range of 4e6.5 kg CO 2 -e/kg bat reported in the literature [23] . The extra battery emissions will normally be attributed to the country that makes the batteries, but in this analysis these emissions have been included as an operating and battery emissions factor ( Table 2) .
The emissions as a function of distance for ICE (Internal Combustion Engine) vehicles, P-HV (plug-in hybrids vehicles), and EV (Electric Vehicles) are presented in Fig. 7 based on the 2050 GEF of 0.049 kt CO 2 -e/GWh e [2] . The various EFs used to construct Fig. 7 are given in Table 2 . The slopes of the solid lines represent the operating EF for each vehicle type. The dashed lines in the figure represent the operating and amortised battery emissions for P-HV and EV, and is used to determine the actual GHG reductions possible by switching from ICE to P-HV and EV. The total reduction in GHG emissions over the total life of the vehicle is 49% and 43% for P-HV and EV respectively. The EV has greater final overall emissions than the P-HV due to the significant increase in the emissions associated with the manufacture and replacement of the batteries. The overall lifecycle contribution of the fuel decreases as vehicles become more electrified. The fuel contribution for the ICE is 82%, while the P-HV and EV have fuel contributions of 55% and 13% respectively.
The slope of the EV line in Fig. 7 is derived from the GEF for electricity production. As the GEF increases, the slope of the EV (and P-HV) line also increases. For countries where the GEF is greater than 0.566 kt CO 2 -e/GWh e , the adoption of EVs is counterproductive in terms of reducing overall emissions. At present New Zealand has a GEF for electricity of 0.129 kt CO 2 -e/GWh e , Australia has a GEF of 0.811 kt CO 2 -e/GWh e , and the USA has a GEF of 0.530 kt CO 2 -e/GWh e [2] . Converting significant proportions of the electricity grids in Australia and the USA to renewables (e.g. wind and solar) and/or low carbon emitting fuels and generation technologies (e.g. nuclear power plant and coal power plant with CCS) are needed before EVs present themselves as a viable solution to reducing carbon emissions.
Government policy and intervention
Governments play a critical role in setting policies that encourage the use of more efficient transport methods. New Zealand can learn from methods being employed in other countries as a guide to what implemented government policies are effective for driving good behaviour and lowering transport emissions. For example, many highways in the USA and other countries have carpool lanes dedicated to high occupancy vehicles (usually two or more people in a vehicle), which aims to increase the fill rate of onroad LPVs. Dedicated bus lanes in inner cities and/or adjacent to highways are also common in major cities as a way to improve the travel time on public buses, which also leads to increased fill rates. In Hasselt, Belgium the city council decided to abolish bus fares in 1997 [24] . This resulted in the number of travellers on buses California introduced an effective financial incentive programme to encourage the uptake of P-HVs.
Transport planning for New Zealand through to 2050 with reduced carbon emissions
Three scenarios are illustrated in Table 3 and Fig. 8 for achieving transport emissions reduction to 1990 levels by 2050 using the CEPA graphical method. A variety of transport fuel mixes are possible for reaching the demand and emissions target.
In Scenarios A and B, it is assumed 40% of the LPV, LCV and bus fleets will be hybrid vehicles, which improves the overall energy efficiency of these classes and results in a fuel savings 77 PJ. Scenarios A and B also assume P-HVs and, to a lesser extent, EVs in the LPV class (~40%) will enable replacement of 46 PJ of liquid fuels with 18 PJ (5.1 TWh) of electricity use. Freight and city rail is also electrified replacing a thermal fuel need of 2.9 PJ with 1 PJ (0.3 TWh) of electricity use. An increase in demand of 5.4 TWh is equivalent to 7.3% of estimates of the NZ electricity grid (75 TWh) in 2050 [2] . The 2050 electricity demand projection from Walmsley et al. [2] of 75 TWh assumed an uptake of electric powered vehicles of 6.5 TWh, which is close to the estimate in this work. The remainder of the transport demand for Scenarios A is met using oil derived fuels of 155 PJ and the minimum amount of biofuels of 47 PJ that is required to keep within the emissions target based on 1990 levels. In Scenario B, the remainder of the transport demand is met using FischereTropsch (FT) liquid fuels from coal (31 PJ) and biofuels (169 PJ) while keeping under the emissions target. Scenario C is the same as A with the exception of assuming a 20% uptake of HVs, P-HVs, and EVs in the LPV, LCV and bus fleets, which means the energy savings is half the amount that was originally quantified. The lower uptake of energy efficiency technologies means an additional 53 PJ of input energy is needed in Scenario C compared to the first two scenarios (Fig. 8) . As a result, the minimum required biofuel production to keep within the emissions target is 106 PJ.
The anticipated transport supply and demand profiles for freight and passenger transport from Scenario A in 2050 are plotted in Fig. 9 . Where a transport mode and class requires a liquid fuel, a blended fuel is assumed and its emissions are determined using a weighted emissions factor (53.5 kt CO 2 -e/PJ) for renewable biofuel (zero emissions) and liquid fuel from oil (69.3 kt CO 2 -e/PJ). LPVs benefit significantly from increased overall efficiency from the uptake of hybrid systems and from the integration of electricity as a main power source.
The presented scenarios assume that existing transport modes continue to be used in a similar manner and similar amount per capita as in 2012. Further emissions reduction can be achieved with further transport class switching; for example, more freight by rail and marine rather than truck and LCV and more public transport by light rail and bus, especially in NZ's largest cities, i.e. Auckland, Wellington, Christchurch and Hamilton. The challenge of meeting the 1990 emissions level in 2050 critically depends on the uptake of energy efficient vehicles and production of biofuels. This needs to be done with the minimum amount of extra energy being expended by the economy to ensure that the transition to a new fuel source does not reduce NZ's economic competitiveness.
Conclusion
Freight and passenger transport demand in New Zealand is anticipated to increase by 30% from 2012 to 2050 due to population growth. An important element of reducing carbon emissions attributed to transport in New Zealand is electrification of all rail and partial electrification of light passenger vehicles through plugin hybrid and electric vehicle technologies to the degree of 5.4 TWh e , which replaces the equivalent of 49 PJ of conventional liquid fuels. New Zealand's electricity is supplied by a high proportion of hydro and geothermal renewable generation, which in turn can help lower emissions from the transport sector when effectively integrated. With an uptake of 40% for all light passenger vehicles, buses and light commercial vehicles, hybrid engine technology is estimated to reduce liquid fuel use by 77 PJ in 2050 compared to using current transport technologies. In 2050 total transport energy use as a combination of liquid fuels and electricity is calculated to be 220 PJ. To reach the goal of reducing carbon emissions to 1990 levels in 2050, 47 PJ of biofuels is needed together with 174 PJ of conventional liquid fuels from oil. 
